Iron-induced free radical injuries in male and female ddY mice, especially the sex difference and its mechanisms, were studied after an i.p. injection of a renal carcinogen, ferric nitrilotriacetate. Male mice were much more susceptible to iron-induced free radical injuries than female mice. Oxidative modification of proteins and DNA occurred more strongly in males than in females, as measured by protein carbonyl content and 8-hydroxydeoxyguanosine, respectively. Histochemical detection of 4-hydroxy-2-nonenal-modified proteins using an antibody and DNA fragmentation as detected by the TUNEL method also showed that males are more severely damaged than females, especially in the proximal convoluted tubules. These results could not be explained by the difference in iron status between male and female mice. In fact, the toxic so-called 'free' iron in serum and kidney were not different between male and female mice and storage iron, such as ferritin and hemosiderin, was also comparable in both kidneys. In previous studies we proposed the glutathione cycling hypothesis to explain the sex differences. The half-life of glutathione in the kidney was significantly shorter in males (29 min) than in females (57 min), as determined by the glutathione decrease after buthionine sulfoximine treatment, a specific inhibitor of glutathione synthesis. The specific activity of γ-glutamyltranspeptidase (EC 2.3.2.2) in female mice was 73% of that in male mice. These results suggest that the faster glutathione turnover in males could account for the higher susceptibility to oxidative injury by supplying the reducing equivalent that reduces Fe(III) to Fe(II), thereby facilitating iron-catalyzed free radical reactions.
Introduction
The iron complex ferric-nitrilotriacetate (Fe-NTA) provides a good model to study iron-mediated tissue damage and cancer induction (1) . We have reported that an i.p. injection of Fe-NTA caused severe acute and subacute renal tubular injuries (2) and repeated injections resulted in a high incidence of renal cell carcinoma in rats and mice (3) (4) (5) (6) . Iron-catalyzed free radical reactions are probably involved in renal cell injury and the following carcinogenesis, because α-tocopherol effectively protects against both of them (3, 8) . Glutathione metabolism is closely involved in this Fe-NTA induced damage. In renal tubules, reduced glutathione (GSH) is excreted from the tubular epithelium into the lumen, where it is hydrolyzed to amino acids by the enzymes γ-glutamyltranspeptidase (γ-GTP, EC 2.3.2.2) and dipeptidase (19, 20) . Our previous studies showed that Fe-NTA is reduced to the Fe(II) state by GSH metabolites, such as cysteine or cysteinyl-glycine, after glomerular filtration (7) . In fact, low molecular weight iron was demonstrated on the luminal site of renal proximal tubules after Fe-NTA injection (13) .
Sex differences in lipid peroxidation and incidence of renal cell carcinoma induced by Fe-NTA were other important findings (9) (10) (11) (12) . Male rats and mice were much more susceptible than female animals to Fe-NTA-induced nephrotoxicity and carcinogenic effects. In the present study, we further studied sex differences in oxidative renal damage, including protein and DNA modification, following administration of Fe-NTA. We also investigated the mechanism of the sex differences. Our results show that glutathione metabolism in the kidney is different between male and female mice, which may account for the sex difference in Fe-NTAinduced renal injury.
Materials and methods
Reagents and preparation of Fe-NTA solution Nitrilotriacetate (disodium salt) (NTA), digitonin, leupeptin, pepstatin, phenylmethylsulfonyl fluoride, γ-L-glutamyl-1-naphthylamide, L-buthionine (S,R) sulfoximine (BSO), phosphatase and proteinase K were purchased from Sigma (St Louis, MO). Ferric nitrate enneahydrate, 2,4-dinitrophenylhydrazine, guanidine hydrochloride, sodium cacodylate, cobalt chloride, N,N-dimethylformamide, the DNA extraction kit and nuclease P1 were from Wako Pure Chemicals (Osaka, Japan). A rabbit antibody against 4-hydroxy-2-nonenal (HNE)-modified proteins was a gift from Dr S.Toyokuni (Kyoto University Graduate School of Medicine) and Dr K.Uchida (Nagoya University School of Agriculture). Biotinylated anti-rabbit IgG and Vectastain ABC kit were from Vector Laboratories (Burlingame, CA). Terminal deoxynucleotidyl transferase was from Toyobo (Osaka, Japan). Biotin-16-dUPT was from Boehringer Biochemicals (Mannheim, Germany). The γ-GTP detector kit was from Nissui Pharmaceutical (Tokyo, Japan). All other reagents were of the highest quality available.
Fe-NTA was prepared by the method of Awai et al. (18) . The iron concentration was 1 mg iron/ml and the molar ratio of iron to NTA was 1:3. The pH was adjusted to 7.4 with sodium bicarbonate.
Treatment of animals
Male and female ddY mice (6-7 weeks of age, males 31-35 g, females 24-28 g) were purchased from Shizuoka Laboratory Animal Center (Shizuoka, Japan). They were housed in clear plastic cages and fed commercial mouse chow (F1; Funabashi, Chiba, Japan) and tap water ad libitum. All animals were allowed 1 week for acclimatization and fasted for 18-20 h before experiments. They were given a single i.p. injection of Fe-NTA (5 mg iron/ kg body wt) and were killed at 0, 0.5, 1, 2, 3 and 5 h after Fe-NTA injection by cervical dislocation and bleeding from the abdominal aorta. Both kidneys were excised and a part of the kidney was fixed in 10% buffered formalin for histological and immunohistochemical studies. The rest was stored at -80°C for the analyses of protein carbonyl and 8-hydroxydeoxyguanosine .
Oxidative protein modification
The HNE-modified proteins in the kidney were detected immunohistochemically using the antibody against HNE-modified proteins (14, 25) . The protein carbonyl content was determined as described previously (21) . 
Apoptosis and oxidative DNA damage
Apoptosis was studied by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick-end labeling (TUNEL) method (22) and by DNA ladder formation as described previously (13) .
The determination of 8-OHdG was carried out according to the method of Kasai et al. (23, 24) by high performance liquid chromatography (Ultrasphere ODS column 0.46ϫ25 cm; Beckman, Fullerton, CA) and an electrochemical detector system (Waters LC Module I; Milford, MA; esa Coulochem II; ESA, Bedford, MA). Deoxyguanosine (dG) (0.5 mg/ml) and 8-OHdG (5 ng/ml) solutions were used as standard samples. The molar ratio of 8-OHdG to dG in each DNA sample was determined and expressed as the number of 8-OHdG residues per 10 5 dG.
Glutathione metabolism and γ-GTP activity Renal glutathione content were measured as described previously (28) . The turnover of renal glutathione was studied by inhibiting de novo GSH synthesis with BSO, a specific inhibitor of γ-glutamylcysteine synthetase (EC 6.3.2.2) (29, 30) . BSO was injected i.v. at 1 mmol/kg body wt. Then the decrease in renal glutathione was assayed at the indicated times. The results were analyzed by regression analysis. Renal γ-GTP was prepared according to the method of Morton (31) . The γ-GTP activity was assayed by using the 5-aminosalicylic acid method with a γ-GTP detector kit (Nissui, Tokyo, Japan).
Measurement of iron
Redox-active iron in the kidney was measured by a previously described method with minor modifications (32) . Briefly, kidneys were homogenized with 9 vols 0.9% (w/v) NaCl. The homogenates were centrifuged at 12 500 g for 20 min. Then 50 µl of 800 mM NTA in 1 M HEPES (pH 7.4) was added to 500 µl supernatant and allowed to stand for 20 min at room temperature. The solution was then ultrafiltrated using Amicon Microcon-3 (mol. wt cutoff 3000; Amicon, Danvers, MA) and centrifuged at 5500 g for 30 min at 4°C. The 'free' iron was measured by atomic absorption spectrophotometry (Model Z-9000; Hitachi, Tokyo, Japan). Total non-heme iron, which represents the sum of 'free' iron and iron stored in iron storage proteins such as ferritin and hemosiderin, was measured by the method of Brueckmann and Sondek (33) by atomic absorption spectrophotometry.
Protein determination
Protein was determined by the procedure of Lowry et al. (34) with bovine serum albumin as the standard.
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Statistical analysis Student's t-test (P Ͻ 0.05) was used to establish statistical significance.
Results
Fe-NTA-induced damage was observed after a single i.p. injection (5 mg iron/kg body wt) in male mouse kidney. The earliest microscopic change was shrinkage of nuclei in proximal tubule epithelial cells, which was evident as early as 30 min after iron injection, followed by nuclear fragmentation ( Figure  1A and C). This proximal tubule damage was mainly present among the S1 and S2 segments of the cortical labyrinth. The vast majority of S3 segments (including both in the outer stripe of the outer medulla and in the pars recta) and distal tubule were normal in appearance. Proximal tubular injuries progressed gradually. Five hours after the iron injection, the proximal tubular epithelium degenerated markedly, showing the microscopic appearance of so-called 'acute tubular necrosis' ( Figure 1E ). Tubular damage to the S3 segments became apparent 3 h after iron injection, including nuclear condensation and cell destruction. However, the S3 segment was less damaged than the S1 and S2 segments. In contrast, female mice showed no apparent changes in the proximal tubules with the same amount of Fe-NTA ( Figure 1B, D and F) , at least up to 5 h.
We also compared the dose effects of iron on oxidative Iron contents in ddY mouse kidneys after Fe-NTA injection. Redoxactive iron and total non-heme iron were measured as described in Materials and methods. u, total non-heme iron of male mice; d, total non-heme iron of female mice; n, redox-active iron of male mice; m, redox-active iron of female mice. There were no significant differences between the males and females. Results are means Ϯ SEM (n ϭ 6).
injury in males and females. After an injection of 2.5 mg iron/ kg body wt, both males and females showed no remarkable changes in the renal proximal tubules. When the dose was increased to 7.5 mg iron/kg body wt, the females began to show slight oxidative injury, while in males the injuries were severe. After a 10 mg iron/kg body wt injection, both males Fig. 6 . Levels of GSH in kidney after administration of BSO (1 mmol/kg body wt). BSO was injected at time 0 and GSH concentrations were assayed at the times indicated. u, male mice; d, female mice. All data points are means Ϯ SEM (n ϭ 3). The half-life of kidney GSH was calculated by the least squares method. It was 29 min in male mice and 57 min in female mice. Fig. 7 . γ-GTP activity in ddY mouse kidney before and 1 h after iron injection. Mean renal γ-GTP activity in females was 73% of that in males.
Results are means Ϯ SEM (n ϭ 6, P Ͻ 0.05). and females showed severe injury in the renal proximal tubules (data not shown). Free radical-induced oxidative protein modification was demonstrated immunohistochemically using an antibody against HNE-modified proteins. The HNE-modified proteins were observed in male but not in female mouse renal proximal tubules (Figure 2A and B) . In addition, the nuclei of the proximal tubular epithelium shrank rapidly even 30 min after Fe-NTA injection into male mice. These apoptotic nuclei were positively stained by TUNEL ( Figure 2C ). However, these changes were not observed in female mice ( Figure 2D) . A DNA ladder was also formed 1-3 h after Fe-NTA injection in male but not in female mice (Figure 3 ). Both oxidative protein modification and TUNEL-positive nuclei were localized mostly in the S1 and S2 segments, which is consistent with localization of the morphological damage.
Among the various oxidative modifications of amino acids in proteins, carbonyl formation may be an early marker for protein oxidation (15) . The basal level of protein carbonyl content in males was almost the same as that in females. However, after iron injection, carbonyl contents were significantly increased in males ( Figure 4A ) and were significantly higher than that in females. Moreover, 8-OHdG levels, one of the major types of oxidative DNA damage, were increased in both sexes, with male mice showing significantly higher values than females at 1 and 5 h after Fe-NTA injection (P Ͻ 0.05) ( Figure 4B ).
To elucidate the mechanism of sex differences in oxidative damage induced by Fe-NTA, renal glutathione turnover, γ-GTP activity, redox-active iron and total non-heme iron were assayed. Redox-active iron and total non-heme iron in the kidney were not significantly different between males and females. Both redox-active iron and total non-heme iron reached a maximum within 30 min after iron injection and then decreased to a plateau after 5 h, but were still higher than the control levels ( Figure 5 ). The serum 'free' iron was also comparable between male and female mice (data not shown).
There were no significant differences in renal GSH levels between males and females. After an injection of BSO, a potent inhibitor of de novo GSH synthesis, GSH decreased at a significantly higher rate in males than in females ( Figure 6 ). The average half-life of renal GSH was 29 and 57 min in males and females, respectively. Moreover, γ-GTP activity was also significantly higher in males than in females (Figure 7) . Mean renal γ-GTP activity in females was 73% of that in males.
Discussion
In previous papers we have shown that male animals are more susceptible than female animals to Fe-NTA-induced renal lipid peroxidation and carcinogenesis (9) (10) (11) (12) . These effects are reciprocally manipulated by castration and/or sex hormone administration. In the present work, we first compared oxidative damage to protein and DNA, to see if the sex difference can also be demonstrated in these non-lipid targets, and we also studied the mechanisms of this sex difference. One mechanism of protein carbonyl formation is a site-specific metal-catalyzed reaction (26) . Similarly, 8-OHdG is one of the known products of oxidative DNA damage (16, 17, 23) . Our results show that oxidative protein and DNA damage were more striking in males than in females. Consistent with these results, histochemical detection of HNE-modified proteins and DNA fragmentation also showed a higher level of damage in male mice. Therefore, these results suggest that the Fe-NTA-catalyzed free radical reaction occurred more strongly in males than in females. Such free radical-induced biomolecule damage, especially DNA damage, could partly explain the high incidence of renal tumor in males.
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Redox-active iron is ionic iron weakly bound to ligands and can catalyze free radical reactions. Reduction potential of the iron complex is important for the iron to catalyze free radical reactions in vivo. To investigate the possible mechanism for sex differences in oxidative damage, we studied renal iron distribution, especially free iron, after Fe-NTA injection in both sexes. Iron distribution was not significantly different between males and females and could not be a likely explanation of the sex difference in tissue injury.
Renal glutathione metabolism is critically involved in Fe-NTA-catalyzed tissue injury (7) . In previous work, we showed that iron reduction by GSH metabolites, namely cysteine and cysteinyl-glycine, was essential for tissue damage (7) . When animals were deprived of GSH by BSO, Fe-NTA-induced lipid peroxidation in the kidney was completely abolished (7) . The confirmative study in vitro was reported by Spear and Aust (27) . We compared glutathione metabolism in both sexes. Although the steady-state concentrations of renal glutathione did not differ significantly, male mice showed a higher glutathione turnover rate. Renal glutathione turnover is mostly due to excretion of GSH from epithelial cells into the tubular lumen (19, 20) . There, the excreted GSH is rapidly hydrolyzed to amino acids by the enzymes γ-GTP and dipeptidase. Cysteinyl-glycine and cysteine are produced in these reactions. Therefore, a comparable steady-state GSH level and a faster GSH turnover rate in males suggest that male mice have more reducing equivalents in the tubular lumen. Our previous work showed that Fe(II)-NTA induced more protein fragmentation than Fe(III)-NTA in vitro (35) . Another study using linoleate micelles showed that cysteine, but not GSH, effectively promoted lipid peroxidation induced by Fe(III)-NTA (36) . Therefore, cysteine and/or cysteinyl-glycine may facilitate iron-catalyzed free radical reactions by supplying Fe(II) species. A schematic view of iron reduction and cell damage is shown in Figure 8 . The renal proximal convoluted tubules were most susceptible to Fe-NTA-induced damage. This is probably because the intracellular concentration of GSH and activities of GSH-dependent enzymes are highest in the proximal tubules of the nephron (37) . The higher availability of reducing equivalents might facilitate iron-catalyzed free radical injury by supplying Fe(II) species.
The sex difference in renal glutathione turnover has been reported previously (38) . Consistent with our findings, this report also showed that male mice had a higher GSH turnover rate. Interestingly, this GSH turnover is under hormonal control. The higher GSH turnover rate in males can be decreased by castration and/or estrogen administration. Conversely, the slower GSH turnover rate in females can be accelerated by androgen administration (38) . In addition, a recent report indicated that androgen could elevate γ-GTP activity and increase γ-GTP mRNA and protein levels (39) . Our result also showed that γ-GTP activity is significantly higher in males than in females. This fact is favorable for the rapid turnover of GSH in males. We have previously reported that the sex difference in Fe-NTA-induced acute renal damage and carcinogenesis can be reversed by castration and/or sex hormone treatment (9) (10) (11) (12) . These observations also support the hypothesis that the sex difference in renal glutathione turnover is a likely explanation why male mice are more susceptible to Fe-NTA-induced tissue injury. We conclude that Fe(III)-NTA, after glomerular filtration, is rapidly reduced to the Fe(II) state by cysteine and/or cysteinyl-glycine in the renal proximal tubular lumen, which then initiates cell damage by catalyzing free radical reactions.
